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VIOLIN BOW HAND PROSTHETIC
The violin bow hand prosthetic was designed for a young violin player seeking to
upgrade the functionality of his current violin prosthetic device. His current device
is rigid, forcing him to play mostly with his shoulder. Since the strength of his wrist
was unknown, we designed a prosthetic with enough brace flexibility to enable the
user to control the bow motion with his own wrist. We also added an axis of rotation
and spring mechanism to supplement this motion and provide him the equivalence
of fine finger adjustments.
The full design process of the prosthetic is documented in this report, including
initial research, proof of concept models, calculations, two rounds of prototypes,
CAD drawings, and design refinement analysis. The entire assembly cost $ 52.88,
excluding freely provided 3D-printing services and tools.
The final prototype is made of a brace, four 3D-Printed parts, some fasteners,
and some springs. Of the 3D-Printed parts, the first connects to the brace and the
second part pivots about the first via a shoulder bolt. The rotation is constrained to
30 degrees (either direction) by some internal stoppers, and controlled by Coulomb
damping and four springs which seek to bring the part pack to a straight equilibrium
position. The third and fourth 3D-Printed parts are caps to the slots which hold
the bow. These are fastened with bolt inserts and wing nuts, and are shaped in
such a way as to minimize damage to the bow when it is gripped.
SMITH, Jonathan
AZZIZ, Jonathon
PAVEY, Shawn
Contents
List of Figures 2
List of Tables 3
1 Introduction 4
2 Problem Understanding 4
2.1 Existing Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Patents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Codes & Standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 User Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.5 Design Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.6 Project Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3 Concept Generation 12
3.1 Mock-up Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Functional Decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 Morphological Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.4 Alternative Design Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4 Concept Selection 21
4.1 Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2 Concept Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.3 Evaluation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4 Engineering Models/Relationships . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5 Concept Embodiment 23
5.1 Initial Embodiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.2 Proofs-of-Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
6 Working Prototypes 32
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6.2 Initial Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6.3 Final Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
7 Design Refinement 36
7.1 FEM Stress/Deflection Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
7.2 Design for Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
7.3 Design for Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
7.4 Design for Usability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
8 Discussion 46
8.1 Project Development and Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
8.2 Design Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
8.3 Team Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
1
Bibliography 48
List of Figures
1 Violin TRS Prosthetic (Source: TRS Prosthetics) . . . . . . . . . . . . . . . . . . . 4
2 Shea’s Viola Bow Holder (Source: e-NABLE) . . . . . . . . . . . . . . . . . . . . . 5
3 Violin Bow Adapter (Source: Myrdal Orthopedic Technologies) . . . . . . . . . . . 5
4 Patent Images for Artificial hand with violin bow adapter . . . . . . . . . . . . . . . 6
5 Patent Images for Non-singular industrial robot wrist . . . . . . . . . . . . . . . . . 7
6 Gantt chart for design project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
7 Pictures of Mock-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
8 Function tree for Useless Box, hand-drawn and scanned . . . . . . . . . . . . . . . . 13
9 Morphological Chart for Violin Bow Hand Prosthetic . . . . . . . . . . . . . . . . . 14
10 Preliminary sketches of Robotic Arm concept . . . . . . . . . . . . . . . . . . . . . 15
11 Final sketches of Robotic Arm concept . . . . . . . . . . . . . . . . . . . . . . . . . 16
12 Preliminary sketches of Bicep Controlled Wrist concept . . . . . . . . . . . . . . . . 17
13 Final sketches of Bicep Controlled Wrist concept . . . . . . . . . . . . . . . . . . . . 18
14 Preliminary sketches of Improved Mock-Up . . . . . . . . . . . . . . . . . . . . . . . 19
15 Final sketches of Improved Mock-Up . . . . . . . . . . . . . . . . . . . . . . . . . . 20
16 Analytic Hierarchy Process (AHP) used to determine scoring matrix weights . . . . 21
17 Weighted Scoring Matrix (WSM) for choosing between alternative concepts. From
left to right: the Bicep Controlled Wrist, the Improved Mock-Up, and the Hand
Molded Bow Mount . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
18 Assembled projected views with overall dimensions . . . . . . . . . . . . . . . . . . 24
19 Assembled isometric view with bill of materials (BOM) . . . . . . . . . . . . . . . . 25
20 Exploded view with callout to BOM . . . . . . . . . . . . . . . . . . . . . . . . . . 26
21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
22 The prosthetic frame with tension springs . . . . . . . . . . . . . . . . . . . . . . . 28
23 The claw used to grip the bow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
24 The bow mount portion of the prosthetic . . . . . . . . . . . . . . . . . . . . . . . . 30
25 The bow mount held so as to simulate the client’s hand . . . . . . . . . . . . . . . . 31
26 Initial Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
27 Final Prototype picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
28 Final Prototype render . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
29 Final Prototype three-view plus isometric view CAD Drawing . . . . . . . . . . . . 34
30 Final Prototype BOM CAD drawing . . . . . . . . . . . . . . . . . . . . . . . . . . 35
31 Final Prototype BOM exploded CAD drawing . . . . . . . . . . . . . . . . . . . . . 35
32 Hand interface with mesh and fixtures . . . . . . . . . . . . . . . . . . . . . . . . . 37
33 Stress plot of hand interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
34 Deflection plot of hand interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
35 Heat Map of our risk assesments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
36 Top frog part before draft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
37 Top frog part after draft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
38 Mill/Drill only DFM Analysis (default settings) . . . . . . . . . . . . . . . . . . . . 44
39 Mill/Drill only DFM failure details . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
40 Mill/Drill Turn DFM Analysis (default settings) . . . . . . . . . . . . . . . . . . . . 45
2
41 Mill/Drill Turn DFM failure details . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
List of Tables
1 Interpreted Customer Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2 Target Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3 Equipment used to observe continuous signals . . . . . . . . . . . . . . . . . . . . . 26
3
1 Introduction
The goal of the project was to design a bow-hand prosthetic for a young violin player. The
customer is missing most of his right hand, and has limited wrist motion. Currently, he uses a rigid
prosthetic attachment that slides onto his forearm and clamps to the bow, and he manages to play
quite well with it. However, his range of motion and form are both limited by the lack of proper
wrist motion. He is forced to compensate for his wrist motion with his shoulder and elbow, which
is less economical and precise. This makes his playing more tiring and limits his speed and control.
[1].
2 Problem Understanding
2.1 Existing Devices
Several devices which tackle similar problems to ours are showcased below.
2.1.1 Existing Device #1: Violin TRS Prosthetic
Figure 1: Violin TRS Prosthetic (Source: TRS Prosthetics)
Link: https://www.trsprosthetics.com/product/music-violin/
Description: The TRS Violin prosthetic allows the user to use a violin bow via rigid connection
between their prosthetic and the bow. The angle of the connection is adjustable with the help
of a screw and ball joint, however no extra degrees of freedom are enabled by this joint since the
bow locks in place after setup. This lightweight device is made to screw onto regular mechanically
powered prosthetics, which enables rapid setup and switching for people who already have such
an attachment. The clamp is designed to fit with 7/16 inch or 11 mm bow grips, though TRS is
equipped to make custom size adjustments if necessary.
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2.1.2 Existing Device #2: Shea’s Viola Bow Holder
Figure 2: Shea’s Viola Bow Holder (Source: e-NABLE)
Link: http://enablingthefuture.org/upper-limb-prosthetics/bow-holder-device/
Description: Shea’s viola bow holder is a rigid, right angle bow holding gauntlet. The gauntlet is
held onto the arm via a set of straps. The bow is held in place by disassembly and reassembly
within the the bow holding apparatus, and all sorts of bows can be accommodated in this way
(viola, cello, violin). The inside of the gauntlet is lined with padding to ensure the comfort of the
user. The gauntlet design is available online so that the arm strap section can be 3D printed with
varying dimensions. The device has some artistic patterns on it and is made with bright colors to
encourage children to want to use it.
2.1.3 Existing Device #3: Violin Bow Adapter
Figure 3: Violin Bow Adapter (Source: Myrdal Orthopedic Technologies)
Link: https://www.myrdalorthopedics.com/product/component-room-upper-sports-and-recreation-devices-violin-bow-adapters-755
Description: Myrdal Orthopedic Technologies’ Violin Bow Adapter is a subtle, 4.5 oz adapter for
USA made wrist prosthetics. The ball and socket joint can be locked into various different positions
with a screw mechanism. The adapter grips the bow with two small clamps and a small open casing.
The bow is able to rotate around a pivot at the tip of the adapter, and some resistance to pivoting
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is provided by short, thick rubber bands on either side of the pivot (this provides a centering force
to the device that attempts to snap the bow back into a central equilibrium position). The design
is simple, lightweight, and durable.
2.2 Patents
2.2.1 Artificial hand with violin bow adapter
(US3656187A)
The artificial hand with violin bow adapter is a bracer and mechanism attachment that enables a
decently precise control of a violin bow. As the user’s forearm rotates about the elbow, a system of
either ropes or rods (two designs suggested in the patent) exerts a moment on the bow. In the case
of the ropes, the rope is always in tension, and its moment on the bow is countered by an angled leaf
spring in order to better stabilize the bow. For the rods, the motion depends on a connecting rod
between a rigid bicep rod and the unused side of the bow. This design is a little bit cumbersome,
what with the extra attachments required on the biceps, however the extra control provided helps
keep the bow parallel to the biceps as it moves.
Figure 4: Patent Images for Artificial hand with violin bow adapter
2.2.2 Non-singular industrial robot wrist (US4907937A)
The Non-singular industrial robot wrist is a machine component that is typically used within a
larger robot arm mechanism. The wrist enables controlled adjustments to pitch and yaw through
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the use of parallel universal joints, casing, and other parts. The patent also accounts for different
means of actuating these rotations, whether it be with tension members or gears.
Figure 5: Patent Images for Non-singular industrial robot wrist
2.3 Codes & Standards
2.3.1 External limb prostheses and external orthosis: requirements and test methods
(ICS 11.040.40)
ICS 11.040.40 outlines standards for prosthetic and orthotic devices. It outlines relevant def-
initions, includes general quality control guidelines for devices, and gives detailed standards for
each different limb involved in the prosthetic or orthotic device. We will use these standards to
ensure proper terms are included in this report, as well as to ensure adequate choice of materials,
mechanical integrity, and proper ergonomics.
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2.3.2 Standard consumer safety specifications for toy safety
(ASTMF963-17)
ASTMF963-17 outlines standards for toy safety. This includes definitions and categorizations of
different types of toys, as well as identification of common risks involved for each type of toy. While
the violin bow hand prosthetic is not a toy, we want the design to be child friendly in the event
that younger clients wish to also use our design. Toy standards will likely prove useful for limiting
the pinching risks of the violin bow hand prosthetic joints.
2.4 User Needs
After background research was performed on products, patents, and standards relating to our
project, we interviewed the customer in order to compile a list of user needs.
2.4.1 Customer Interview
Interviewee: The young violin player
Location: Violin studio, St. Louis, MO
Date: Friday, September 06th, 2019
Setting: We sat down with the customer and asked questions about what he wished to see in a new
bow hand prosthetic. We also took detailed notes and pictures of his current device, and asked him
which parts of it were helpful and which things he would like to change. The whole interview was
conducted at Sam’s instructor’s violin studio, and took ∼50 min.
Interview Notes:
What do you like about your current device?
– It’s very light, especially compared to the older prosthetic. It’s also quite comfortable.
What would you like to see in a new one?
– I would like improved wrist movement; it would also be nice if the new one didn’t destroy
the bow as much. Dogproofing would be nice, and orange is my favorite color, but something
with some subtlety would be just fine.
Is the current device limiting? If so, how?
– I can only use some of the bow, ideally, I would be able to use most of or even all of it. Lifting
and setting the bow back down while playing can be difficult. The bow will occasionally slip
in its holding mechanism, and sometimes, when pressure is applied, the prosthetic itself will
slip. Bow rotation can be difficult, which can affect the way long notes are played. Since the
brace is fixed on my forearm, I can’t actually use my wrist.
Is it tough to set up? Are there any spots of increased discomfort?
– Sometimes putting the bow in the actual bowhold can take a little while because of the
setscrew. The bowhold itself only fits one size bow. No spots of increased discomfort. I wear
a sock on my arm underneath the prosthetic which helps with comfort. If the ”sock” were
part of the new prosthetic, that would be fine, too.
Are you opposed to the new prosthetic having an upper-arm component?
– No, as long as it’s still comfortable and light enough.
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Any additional notes?
– (The following notes were taken during throughout the conversation, and don’t necessarily
correspond to specific questions) Supporting weight on my right arm is more difficult. The
current prosthetic does not adjust its position in real-time, and it currently holds the bow in
an awkward position, leading to slouching and bad posture. I currently play on a half-size
violin.
2.4.2 Interpreted User Needs
Following the interview, we discussed our notes and came up with the user needs shown in table
1.
Table 1: Interpreted Customer Needs
Need Number Need Importance
1 The prosthetic is light 5
2 The prosthetic has improved wrist movement 5
3 The prosthetic is comfortable 5
4 The prosthetic is safe for children 4
5 The prosthetic is durable 4
6 The prosthetic is less harmful to the bow 3
7 The prosthetic is easy to use 3
We felt it best to explain the slight differences between needs 1 and 3 as well as give a more
detailed explanation for need 2. Need 1, is of course directly tied to the weight of the prosthetic
and thus the client’s ability to both hold the prosthetic and play the violin for extended periods of
time. The client’s lack of refined muscles in his bow hand could make extended periods of playing
with a heavy prosthetic incredibly painful. Need 3 is similarly related to how long the client can
play the violin, but this need was added with overall temperature in mind. If the prosthetic gets
too hot or isn’t very good at releasing heat, then again playing for extended periods of time can
be very uncomfortable. We were also concerned with how the material of the prosthetic interacts
with the client’s skin and thus should also be taken into account when discussing overall comfort.
Finally, need 2 is just a measure of the client’s ability to play the violin. After conferring with the
client’s violin tutor, she felt that the client’s primary problem was that the length of bow the client
is able to currently play with is too short, and thus solving that issue is goal number one. So by
increasing the client’s wrist movement, the length of playable bow will increase as well.
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2.5 Design Metrics
Table 2: Target Specifications
Metric
Number
Associated
Needs
Metric Units Acceptable Ideal
1 1 Total weight kg 0.5 0.2
2 1 Total volume in3 < 40 < 20
3 4 Safety of substrate material in ASTM F
963-17 4.3.5.2
avg. score > 3/5 > 4/5
4 2,4 Maximum part movement when shaken
firmly by hand
mm < 10 > 2
5 5 Number of drops from hip height onto
hard surface before malfunction
integer > 3 > 10
6 6 Sharp edge test in 16 CFR 1500.49
Code of Federal Regulations (CFR)
Consumer Product Safety Commission
binary Pass Pass
7 7 Maximum hole diameter to avoid finger
entrapment per ASTM F963-17 4.18.2
binary pass pass
2.6 Project Management
The Gantt chart in Figure 6 gives an overview of the project schedule.
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Aug Sep Oct Nov Dec
26 2 9 16 23 30 7 14 21 28 4 11 18 25 2
Design Report
Problem Understanding
Concept Generation
Concept Selection
Concept Embodiment
Design Refinement
Peer Report Grading
Prototypes
Mockup
Proofs of Concept
Initial Prototype
Initial Prototype Demo
Final Prototype
Final Prototype Demo
Prototype Expo
Presentations
Critical Design Review
Final Presentation
Figure 6: Gantt chart for design project
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3 Concept Generation
3.1 Mock-up Prototype
For the mock-up, we first went back over our initial component/overall designs from the in-class
exercise on 09/09. After looking through these, we decided to create a mock-up which used a
flexible sleeve with a screw for tightening as the actual mechanism to hold the bow, and to have
two points of contact with the bow, which would be controlled by two springs that would stretch,
and compress to counteract the wrist and keep the bow parallel to the bridge as the violinist plays.
Figure 7: Pictures of Mock-up
3.2 Functional Decomposition
The following function tree takes the intended function of our prosthetic device and breaks it
down into multiple subsections. Each sub-function was designed with a specific action or interaction
in mind. Each sub-function can be completed by either a single component or a small group of
components.
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Figure 8: Function tree for Useless Box, hand-drawn and scanned
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3.3 Morphological Chart
The following morphological chart highlights many of the options the team though of to address
various aspects of the function tree. It is good to keep in mind that several of the options for
each function depend on one’s choices in other categories. For instance, the rigid brace is not a
compatible solution with the client using their own wrist to provide motion.
Figure 9: Morphological Chart for Violin Bow Hand Prosthetic
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3.4 Alternative Design Concepts
3.4.1 Hand Molded Bow Mount
Figure 10: Preliminary sketches of Robotic Arm concept
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Figure 11: Final sketches of Robotic Arm concept
Solutions from morph chart:
1. Rigid Casing
2. Welding
3. Rigid Brace
4. Own Wrist
5. Rigid Device
Description: Based off of the client’s first prosthetic, the device will be a rigid mold of the client’s
hand, not including the wrist. The mold will, of course, fit over the client’s hand while allowing
him to use his full wrist motion. The mold can be made of a scan of his hand and then 3D printed.
The 3D model would also include a slot on top of his hand where a bar, also 3D printed, can be
screwed into place, making it a rigid support. The other end of the bar will hold the rigid casing
that will hold the bow. As the bar/casing will be 3D printed, we can design it such that they are
one piece and thus save on weight and complexity.
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3.4.2 Bicep Controlled Wrist
Figure 12: Preliminary sketches of Bicep Controlled Wrist concept
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Figure 13: Final sketches of Bicep Controlled Wrist concept
Solutions from morph chart:
1. Alligator clips/clamps
2. Glue (between device and rigid support)
3. Rigid Brace
4. Hinge/pivot
5. Bicep controlled (with springs too)
Description: A strap is attached to the user’s bicep, and is linked to the device. The device
is comprised of a bow holder (clamps) on a hinge, the rotation about which is controlled by a
combination of the bicep strap and some springs, such that the proper wrist motion is achieved for
a given bending of the elbow. The brace connecting the device to the arm is rigid (as it currently is
for the user) in order to limit any unwanted motion that would interfere with the proper functioning
of the bicep controlled wrist motion.
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3.4.3 Improved Mock-up Design
sketch.png
Figure 14: Preliminary sketches of Improved Mock-Up
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sketch.png
Figure 15: Final sketches of Improved Mock-Up
Solutions from morph chart:
1. Adjustable sleeve(s)
2. Single part
3. Flexible brace
4. Pivot
5. Springs
Description: Similar to the mock-up design, the device will use adjustable sleeves to hold the bow,
these sleeves will be connected to a rigid body, which will use a pivot and springs to work in tandem
with the wrist, and keep the bow straight while playing. This device will be connected at the pivot
point to a single rigid part (3D printed to conform to the client’s hand), which will attach at the
front of the hand, through the flexible brace that allows for wrist movement. There will be padding
between the rigid casing and the client’s hand also as part of the flexible brace to improve comfort.
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4 Concept Selection
4.1 Selection Criteria
The selection criteria were adapted from the interpreted user needs in the problem understanding.
We decided to cut safe for children from the user needs to the criteria, since being child-safe should
be an absolute design requirement, rather than a differentiating factor. As for the other criteria,
improved wrist motion was the clear decision on the most important factor. This is because improved
wrist motion is the only factor which would increase the amount of the bow that can be used. As
for the others, due to the mention of a dog (and a rather misbehaving one, at that), durability was
determined to be slightly more important than the prosthetic being lightweight.
Figure 16: Analytic Hierarchy Process (AHP) used to determine scoring matrix weights
4.2 Concept Evaluation
Each alternative design concept was rated according to the current prosthetic (with 3 being the
current prosthetic). Weights from the Analytic Hierarchy Process were used to weight the scores,
which were then ranked in order to help us choose a concept.
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Figure 17: Weighted Scoring Matrix (WSM) for choosing between alternative concepts. From left to right: the Bicep
Controlled Wrist, the Improved Mock-Up, and the Hand Molded Bow Mount
4.3 Evaluation Results
The Improved Mock-Up design ended up winning, with the molded bow hold coming in a very
close second. The deciding factors between the two ended up being comfort, durability, and ease of
use, with the molded bow mount being the most durable, but harder to use and less comfortable
than the Improved Mock-Up. In every other criteria, those two designs were determined to be equal,
and considerably better than the current prosthetic. Although the two scored equally in improved
wrist movement, the Improved Mock-Up would not only allow wrist movement (with the glove not
being rigid anywhere except for on the hand itself), but would also augment it, whereas the hand
molded bow mount would only allow for the wrist motion already present (which is an improvement
on the current prosthetic).
4.4 Engineering Models/Relationships
4.4.1 Friction forces and stress
A useful model for thinking about the gripping mechanism of the bow is static friction and stress,
since every gripping mechanism uses a combination of friction and normal forces (exerted with a
moment arm) in order to fix the bow in for every potential degree of freedom. Since it is important
to not destroy the bow or have the bow sliding along the bow hold, the following equations for
friction[2] and stress[3] are important to consider together:
Fs = µsFn (1)
σ =
Fn
A
(2)
Where Fs is the friction force, µs is the coefficient of static friction, Fn is the normal force, and
A is the area of applied force. Increasing the bow hold area will decrease the stress on the bow for
a same normal force (and hence friction force as well).
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4.4.2 Torsion Spring
In order to properly augment the motion of the wrist, it is important to know the amount of
torque that would cause the bow to slip on the strings while playing. In order to do this, modelling
an equivalent torsion spring (to represent the hinge and springs) would be a good way to start. The
angular form of Hooke’s law [4], shown below, will be considered:
τ = −κθ (3)
Where τ is the applied torque, κ is the torsional stiffness of the spring or system, and θ is the
angular displacement of the spring or system due to the applied torque. This model assumes linear
elasticity of the spring, and that the loading is elastic as opposed to plastic.
4.4.3 Kinematic Model of Wrist Mobility
A model that would be extremely helpful in understanding the human wrist as a mechanism
would a kinematics model of the proposed wrist motion. If the wrist were treated as the center of
a circle with radius R, then equations of circular motion could be used to model the length of the
rigid bow support as a function of wrist mobility and playing speed. The following equation for
angular velocity [5] would be the most helpful in expressing this model mathematically:
V = Rω (4)
Where V is the linear speed of the bow and therefore playing speed, R is the length of the
proposed support, i.e the radius of the modeled circle, and ω is the angular speed of the wrist.
5 Concept Embodiment
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5.1 Initial Embodiment
Figure 18: Assembled projected views with overall dimensions
24
Figure 19: Assembled isometric view with bill of materials (BOM)
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Figure 20: Exploded view with callout to BOM
Table 3: Equipment used to observe continuous signals
Component Quantity
Hand Connector 1
Claw Holder 1
Music Wire Springs 2
Shoulder Bolt 1
Claw 1
Sock 1
The chosen springs, their pre-stretched lengths and the length of the armature that attaches
directly to the hand all came from the same dynamic model of the prosthetic. The primary as-
sumption made was that motion was planar, so the only applied moment is the reaction from the
bow being pressed down on the violin. Additionally, ideal conditions were assumed, and the springs
were initially chosen to be equal. This model provided a spring constant as a function of how
stretched the springs were in equilibrium. The prestretched length of the springs depends on the
length of the moment arm, so that was chosen from this model as well. The MATLAB code shown
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below was used to calculate the length of the hand connector, the corresponding spring length
(unstretched), and spring rate. Imperial units were used when choosing springs as McMaster-Carr
primarily uses Imperial units.
Figure 21
The performance goals for the prototype are as follows: weighs less than 1kg, allows violinist to
use at least 2/3 of the bow length when playing, and that the bow-hold mechanism can handle 60
seconds of thrashing without losing the bow or letting the bow slip.
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5.2 Proofs-of-Concept
Figure 22: The prosthetic frame with tension springs
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Figure 23: The claw used to grip the bow
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Figure 24: The bow mount portion of the prosthetic
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Figure 25: The bow mount held so as to simulate the client’s hand
The proof of concept for the bow-hold mechanism worked out quite well, specifically the bow
holder. The bow holder mechanism was made from a left-over clamp from a ring stand (from a
chemistry lab, presumably). As it was the best part of our proof of concept prototype, this was
used as the bow-holding mechanism for the initial prototype.
One of the differences between the initial prototype and the selected is the bow-hold mechanism.
As mentioned when talking about the proof of concept, the bow-hold mechanism was changed
from an adjustable sleeve to a clamp from a ring stand. This affected the model because both the
moment arm and weight were significantly larger than initially designed for, so the springs were not
stiff enough. Additionally, the spring model was assumed to be completely planar, and thus didn’t
account for gravity, so the springs on both sides were designed to be equal, but in order for effective
augmentation, the spring on the top was doubled up.
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6 Working Prototypes
6.1 Overview
This section is dedicated to the discussion of both the initial and final prototypes as well as
the comparison of the two. Each discussion will outline the physical aspects of each prototype,
the reasons behind those design decisions and the outcome of the prototype demo. In the final
prototype discussion, each physical aspect will be compared to it’s initial prototype counterpart.
6.2 Initial Prototype
Figure 26: Initial Prototype
As seen in above in Fig.26, the prototype is made of four main parts: the bow holder, the arm, the
hand connection, and the sleeve. The bow holder was originally designed to be some sort of wrap
around clamp that could hold the bow securely. It was later replaced with a leftover ring stand due
to time constraints. Despite the lack of preparation, the ring stand clamp actually worked quite well
as a bow holder. Both the arm and the hand connection were 3D printed to be lightweight and easy
to modify. They were also designed simultaneously so that they could fit together as working parts.
The arm was designed such that it would fit around the recently chosen ring stand and connect
via a pin joint to the hand connection part. Subsequently, the hand connection was designed such
that it would connect to the arm via a pin joint and also fit around Shawn Pavey’s hand. Shawn’s
hand was used as it was the smallest of the three of us and thus most closely resembled the client’s
hand. Finally, a sleeve was used to attach the hand connection to the actual hand. For the inital
prototype we chose a sock because it was light and flexible.
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With this initial prototype, we passed all three of our performance goals, weigh less than 1 kg,
survive vigorous thrashing for 1 minute, and allow the user to play with more than 2/3 the total
bow length, with flying colors. In hindsight however, we realized that our weight goal was highly
conservative and needed to be changed.
6.3 Final Prototype
Figure 27: Final Prototype picture
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Figure 28: Final Prototype render
Figure 29: Final Prototype three-view plus isometric view CAD Drawing
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Figure 30: Final Prototype BOM CAD drawing
Figure 31: Final Prototype BOM exploded CAD drawing
As seen above in Fig.27 and Fig.31, there are now five main components to the prosthetic; a brace,
hand connection, bow holder, and two hinge caps. The redesign from the initial prototype started
with the brace. Replacing the sock with an actual brace gave us a more sturdy connection from
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prosthetic to arm without adding much weight. Since the brace gave a tighter fit and thus prevented
slipping, the brace was more comfortable to wear. The hand connection was redesigned such that
it would now fit our client’s hand as opposed to our own, making it much smaller. The new hand
connection is actually a combination of the old hand connection part and the arm. By combining
two parts into a newly redesigned single part, we reduced both weight and complexity. The new
bow holder was a custom design rather than reusing a ring stand. It has two points of connection to
the bow rather than just a single point. By having two points of connection, it eliminates a possible
degree of rotation, making the prosthetic more stable. The bow holder still has the same pin joint to
allow for lateral rotation, but the new design has stops included so that the bow won’t rotate more
than 30 degrees in either direction. It also includes a large cover so that the springs used for tension
aren’t left unprotected. Finally, there are two hinge caps which close around the bow itself to keep it
in place. One cap is designed to contain the ”frog” while the other is designed to contain the ”grip”.
Before we could test our final prototype, we had to change our weight performance goal. The
initial prototype weight close to 250 g, and so to have a more accurate weight goal, we decided
to try and keep the prosthetic under 200 g. With that changed, we then passed all three of our
performance goals, weigh less than 200 g, survive vigorous thrashing for 1 minute, and allow the
user to play with more than 2/3 the total bow length, with flying colors. For reference, the new
prosthetic wight right at around 198 g.
7 Design Refinement
7.1 FEM Stress/Deflection Analysis
The component chosen for FEM analysis was the hand interface because this part has to deal with
the weight of the rest of the prosthetic (bow included), and the reaction moment from the bow while
playing. In order to model this in SolidWorks, the faces that would directly connect to the user’s
hand were fixed in space with the fixed geometry boundary condition. The part was meshed with
default meshing settings. The loads were determined to be about 1.5 N for the weight of the bow-
holder plus bow (after weighing), and a torque of 1 N*m was applied to the outward cylindrical
face to represent the reaction moment on the hand interface from the bow-holding mechanism.
Since PLA isn’t already in the SolidWorks set of materials, a custom plastic was created and PLA’s
material properties were input from the online Matweb database. The force from the springs was
neglected because of the assumption of small displacement.
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Figure 32: Hand interface with mesh and fixtures
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Figure 33: Stress plot of hand interface
Figure 34: Deflection plot of hand interface
Due to the variety of different possible processing conditions for PLA, a single value for ultimate
tensile strength is tough to nail down. According to the Matweb material property database, the
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(average) ultimate tensile strength is 37.5 MPa, which gives a factor of safety of 1.51 based on the
FEM simulation. Significant deflection of the hand interface would interfere with the stretching and
compressing of the springs, which is crucial to the prosthetic functioning properly. As for the factor
of safety, distortion energy theory was chosen as the failure criteria due to the part being made of
PLA (though being printed, rather than injection molded does affect the mechanical properties).
7.2 Design for Safety
7.2.1 Risk#1: Sharp Edges
Description: If any part of the prosthetic were to break into pieces then each broken piece would
have sharp edges which could injure someone if they aren’t careful.
Severity: The severity of this risk would be best described as marginal. While the chance of sharp
edges is very real, PLA, our choice of material, is not known to be self sharpening and thus the
chance of a fatal cut from a broken PLA piece is incredibly low, thus reducing the severity of the
risk.
Probability: The probability of this risk occurring would be seldom. PLA is not known for being
weak, but it is still liable to break under extreme loads, such as being played with by dogs and small
children. Once the part breaks however, the prosthetic is useless and will most likely be thrown
away. Since the risk is best described as a one time event, the probability of this occurring more
than once is very low.
Mitigating Steps: The obvious answer would be to strengthen the 3D printed parts. This could
be accomplished by changing any number of printing parameters, namely the infill and number of
walls.
7.2.2 Risk#2: Choking Hazard
Description: If any part of the prosthetic were to break into pieces then each broken piece would be
small enough to be a choking hazard. On another note, some of the actual pieces of the prosthetic,
namely the top grips as well as any bolts, screws, and springs, are all small enough to be considered
choking hazards.
Severity: The severity of this risk would be catastrophic as choking on any of these parts could
result in death especially for the client’s younger siblings and dog.
Probability: Similarly to the sharp edge risk outlined above, the probability of choking hazards
occurring is seldom. Due to the measures we’ve taken for securing all of the small parts together,
the likely hood of anything falling apart is low.
Mitigating Steps: The obvious solutions for this risk would be to strengthen the overall prosthetic
so that it won’t break and secure all small parts so that they won’t fall off.
7.2.3 Risk#3: Pinching
Description: As our current design iteration has both hinges and close-fit moving parts, there is a
chance that some fingers or skin could get trapped in between two parts and get pinched as things
are moving.
Severity: The severity of this risk would be negligible at best as pinching will only cause some
minor pain.
Probability: The probability of pinching occurring could be described as occasional. While learning
to use the new prosthetic, the client or members of they’re family would be unfamiliar with the
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moving parts and may pinch themselves. However, as time goes on and they become more wary of
the tight spaces, the probability of pinching is likely to go down.
Mitigating Steps: The most likely solution would be to replace the hinges with more stationary
parts and increase the gaps between parts so that they won’t pinch but may get fingers or skin
simply stuck in them. However, as our prosthetic requires the installation and removal of the bow
and hand, the likelihood of having all stationary parts is low.
7.2.4 Risk#4: Toxicity
Description: While PLA is made of corn and is generally considers ”food-safe”, the printer nozzles
used to print are not considered ”food-safe” and thus makes the prints toxic to whoever eats it.
Severity: The severity of this risk would be critical as ingesting the PLA parts would mostly likely
make the consumer very sick. Ingestion is very unlikely to cause death however, and so the risk is
not labeled as catastrophic.
Probability: The probability of ingestion occurring is occasional as the client’s family has a dog
which apparently chews on any and everything.
Mitigating Steps: The easiest and most obvious solution to this problem would be to 3D print
using food-safe nozzles. The most common food-safe nozzles are made of stainless steel and are
relatively inexpensive, making this an easy fix.
7.2.5 Risk#5: Projectile Danger
Description: As our current design uses springs attached to small pegs, there is a chance that a
peg could break off and be flung at high speed by the tension in the spring.
Severity: The severity of this risk would be marginal as the PLA pegs would not be very sharp,
and most certainly not fatal. However, there is a chance that the projectile could hit and eye and
cause minor damage.
Probability: The probability of this occurring would be seldom as our design takes these possible
projectiles into account and will hopefully prevent their occurrence.
Mitigating Steps: The best solution would be to strengthen the part, either by printing with
larger pegs or with more infill. The latter option is easier to implement as changing the peg sizes
would require new springs with the same stiffness and length, but with larger end loops. Those
would be incredibly hard to find and thus increasing the infill of the print is a more viable solution.
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Figure 35: Heat Map of our risk assesments
Based off of the heat map seen above, the prioritization of risk from greatest to least would be
as follows: Risk 4, Risk 2, Risk 1, Risk 5, and then Risk 3. This would correspond with Toxicity,
Choking Hazard, Sharp Edges, Projectiles, and Pinching in that order. Coincidentally this is also
the order from easiest to hardest to mitigate. As stated before, Toxicity is the easiest to mitigate by
3D printing with a stainless steel nozzle. Choking Hazard can easily be solved by adhering all small
parts to their respective bases. Sharp edges and Projectiles can both be solved more generally by
strengthening the overall prosthetic. Finally Pinching, the lowest priority risk, is also the hardest
to fix as a permanent solution of having only stationary parts, would require an entire concept
redesign. Based off of this heat map, Risks 4 and 2 are immediate risks that are also easy to fix
and thus are incredibly likely to be implemented before the final design presentation. The other
three risks can have attempts at mitigation, however the consequences for not doing so are much
less serious.
7.3 Design for Manufacturing
7.3.1 Draft Analysis
The top part of the frog holder was analyzed in terms of draft angles, since it is a relatively
simple, yet crucial part of the overall design. As the ”before” picture shows, all vertical surfaces
needed draft angles in order to be manufactured by injection molding (it was assumed the hole in
the back could be drilled after molding). These draft angles were added by making cuts around
the piece, coupled with some revolved cuts for sections such as the notched hole in the front of the
part.
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Figure 36: Top frog part before draft
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Figure 37: Top frog part after draft
7.3.2 DFM Analysis
Though the prosthetic design largely depended on 3D printing, the rotating part and the bottoms
of the holders combined were the hardest part to manufacture. With this in mind, it was decided
that the DFM analysis should be run on this complicated part (with the full knowledge that it would
fail most manufacturing techniques which SolidWorks could test for). The part was subjected to a
Mill/Drill analysis alone, and then to a Mill/Drill analysis with turning. The results of these are
shown in the following figures. In both tests, there were difficulties with the machine reaching sharp
internal corners. Both tests also pointed out that partial holes are not encouraged, and that no
standard hole sizes were used (this is mainly because tolerances were built in for 3D printing). For
the Mill/Drill analysis, additional failed rules included wrong depth to diameter ratios for holes,
fillets on outside edges, and wrong depth to diameter ratios for slots.
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Figure 38: Mill/Drill only DFM Analysis (default settings)
Figure 39: Mill/Drill only DFM failure details
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Figure 40: Mill/Drill Turn DFM Analysis (default settings)
Figure 41: Mill/Drill Turn DFM failure details
7.4 Design for Usability
Color-blindness should not affect the use of the device in any way, but, due to the small size of the
bow-holding mechanism, it is possible that some other vision impairments (like farsightedness) would
make it tougher to get the bow in and out of the device. Arthritis or other physical impairments
could also make equipping and removing the bow more difficult. Hearing impairments should not
impact the usability of the device in any specific way, as a hearing impairment would just make
playing the violin more difficult in general. Similar to hearing impairments, control impairments
shouldn’t really affect the use of the device specifically, but rather violin playing as a whole. The
user would be less likely to play the violin while genuinely fatigued, for example.
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8 Discussion
8.1 Project Development and Evolution
Does the final project result align with its initial project description?
– The final project result does augment the user’s wrist motion to allow them to better play
the violin than the current rigid prosthetic which limits their wrist motion.
Was the project more or less difficult than expected?
– It’s tough to say definitively one way or the other; coming up with distinct ideas for different
overall designs and specific aspects of the design was quite difficult.
On which part(s) of the design process should your group have spent more time? Which parts
required less time?
– More time could’ve been spent refining the ideas we already had earlier on so we would have
a better idea of what we were doing going in. One of the biggest issues was tolerancing the
parts for 3D printing, which we didn’t get right for any of the prints, and this added quite a
bit of time to the prototype assembly.
Was there a component of the prototype that was significantly easier or harder to make/assemble
than expected?
– Since the issue of assembly came because the parts weren’t toleranced properly for 3D printing,
the assembly in general was more difficult than expected, but one of the specific things was
getting the springs onto their holding pegs.
In hindsight, was there another design concept that might have been more successful than the chosen
concept?
– More rigidity may have been an improvement, in addition, since this part requires the user to
press down on the violin when playing to maintain control, adding a rigid part on the violin
itself to keep the bow inline may have been helpful.
8.2 Design Resources
How did your group decide which codes and standards were most relevant? Did they influence your
design concepts?
– The codes and standards weren’t particularly influential on our design concepts, though they
did inform decisions about making sure the prosthetic was child-safe, which made us have the
springs more covered up, so that they wouldn’t go flying if dislodged.
Was your group missing any critical information when it generated and evaluated concepts?
– No; as far as generating and evaluating concepts, we had all of the information we needed.
Were there additional engineering analyses that could have helped guide your design?
– More analysis on the actual hand motion that a violin player exhibits when playing to better
understand what degrees of freedom to add to the prosthetic. Also modelling the system with
damping as well as springs would have probably helped pick better springs (they wore out
pretty quickly).
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If you were able to redo the course, what would you have done differently the second time around?
– Definitely go over tolerancing for 3D printing parts, and err on the side of stiffer versus more
compliant for the springs, since the moment being applied to the prosthetic is larger than
modelled for (this is because the control comes from the friction between the bow and the
strings, which is higher when the bow is pressed down harder, and so has a larger reaction
moment stretching and compressing the springs).
Given more time and money, what upgrades could be made to the working prototype?
– Perhaps a rigid part to attach to the violin to keep the bow in line while playing. Additionally,
either adding dampers to the current prosthetic or better springs; the brace was also not the
best, so with more time and money, we would have likely made our own ”glove” for the
prosthetic.
8.3 Team Organization
Were team members’ skills complementary? Are there additional skills that would have benefited
this project?
– Skills were complementary, two of us were more experienced with 3D printing, so getting those
parts back with quick turnaround was no problem. The biggest thing was probably that none
of us actually play the violin, which likely would’ve helped a great deal in different aspects
(like testing).
Does this design experience inspire your group to attempt other design projects? If so, what type of
projects?
– It was a good experience to be able to actually design and build something. We can’t say
specifically any projects, but seeing all of the other projects was really inspiring as well as
working on our own.
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